Introduction
Influenza causes the most severe disease at the extremes of age; infants (under 2 years) and elderly patients (≥ 65 years) have higher influenza attack rates, more frequent influenza-related hospitalizations and greater rates of influenza-related mortality. 1 Globally, influenza infection results in approximately 374 000 hospitalizations in 1-year-old children. 2 There is no global estimate for influenza infection in the elderly, but estimates from the USA put the rate of influenza hospitalization in elderly patients (≥ 65 years) as nearly twice that of infants. 3 Part of the problem is that vaccination is also less effective in these same age groups 4 and therefore better vaccine strategies are required to protect these at risk groups.
Simplistically, a better influenza vaccine would induce qualitatively and quantitatively stronger cellular and antibody responses -ideally with broad cross-virus protection. 5 Although it is widely agreed that responses to influenza vaccination at the extremes of age need to be improved, it is not immediately clear how to achieve this. 6 An important step in the induction of an immune response is the production of cytokines and chemokines, which leads to the recruitment and activation of other cells. One assumption in vaccine development is that the young-adult response is the best response and vaccines
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should try and replicate this in other age groups. The aim of this study was to compare influenza vaccination in neonatal, young adult and aged mice, to determine how age and the use of an adjvuant affect the inflammatory response and vaccine efficacy. However, vaccines need to be safe because they are a public-health intervention administered to large numbers of people. Simply increasing inflammation to increase the immune response could lead to vaccines with acute reactogenicity. 7 There is likely to be a sweet spot between enough inflammation to induce adaptive immune responses and too much inflammation, resulting in reactogenicity. But this ideal level is not well characterized. A secondary aim of this study was to define the upper limits of inflammation to a vaccine, which is known to be safe, to calibrate future vaccines in development. As part of this calibration, influenza infection was used to represent an unsafe immune outcome.
Different ages of mice were immunized with influenza vaccine, with and without the adjuvant MF59 and serum cytokines were assessed by Luminex at various timepoints after immunization. Distinct patterns of response were seen in the different age groups, associated with reduced vaccine efficacy in aged mice.
Materials and methods

Mouse immunization and infection
CB6F1 mice were obtained from Harlan UK Ltd (Plumstead, UK) or from an internal breeding colony and kept in specific-pathogen-free conditions in accordance with the United Kingdom's Home Office guidelines and all work was approved by the Animal Welfare and Ethical Review Board at Imperial College London. Studies followed the ARRIVE guidelines. Neonatal (7-8 days) , young adult (6) (7) (8) â emulsion (5% squalene, 0Á5%
Tween 80, 0Á5% Span 85, in citrate buffer (vol/vol)). For infections, mice were anaesthetized using isoflurane and infected intranasally with 2 9 10 2 plaque-forming units of influenza virus in 20 ll (neonates) or 5 9 10 5 plaqueforming units of influenza virus in 100 ll (young adult and aged mice). Group sizes were determined using a power calculation based on data from previous studies. 8 
Tissue and cell recovery and isolation
Blood was collected from the tail veins of live mice and sera were isolated after clotting by centrifugation for Luminex analysis; because high-volume, multiple, sequential bleeds were required, different groups of mice were used for different time-points. Mice were culled using 100 ll intraperitoneal pentobarbitone (20 mg dose; Pentoject, Animalcare Ltd., York, UK) and tissues collected as previously described. 9 Blood was collected from femoral veins and sera were isolated after clotting by centrifugation. Lungs were removed and homogenized by passage through 100-lm cell strainers, then centrifuged at 200 g for 5 min. Supernatants were removed and stored for Luminex analysis and the cell pellet was treated with red blood cell lysis buffer (ACK; 0Á15 M ammonium chloride, 1 M potassium hydrogen carbonate, and 0Á01 mM EDTA, pH 7Á2) before centrifugation at 200 g for 5 min. The remaining cells were resuspended in RPMI-1640 medium with 10% fetal calf serum, and viable cell numbers were determined by trypan blue exclusion.
Viral RNA quantification
Virus load in vivo was assessed using Trizol extracted RNA from frozen lung tissue disrupted in a TissueLyzer (Qiagen, Manchester, UK) as described previously. 10 RNA was converted into cDNA and quantitative RT-PCR was carried out using bulk viral RNA, for the influenza M gene and mRNA using 0Á1 lM forward primer (5 0 -AAG ACAAGACCAATYCTGTCACCTCT-3 0 ), 0Á1 lM reverse primer (5 0 -TCTACGYTGCAGTCCYCGCT-3 0 ) and 0Á2 lM probe (5 0 -FAM-TYACGCTCACCGTGCCCAGTG-TAM RA-3 0 ) on a Stratagene Mx3005p (Agilent Technologies, Santa Clara, CA). M-specific RNA copy number was determined using an influenza M gene standard plasmid.
Semi-quantitative antigen-specific ELISA Antibodies (IgG) specific to influenza H1N1 in the sera were measured using a standardized ELISA. 11 Briefly, MaxiSorp 96-well plates (Nunc, Roskilde, Denmark) were coated with 1 lg/ml surface proteins or a combination of anti-murine k and j light-chain-specific antibodies (AbDSerotec, Oxford, UK) and incubated overnight at 4°. Plates were blocked with 1% BSA in PBS. Bound IgG was detected using horseradish peroxidase-conjugated goat anti-mouse IgG (AbD Serotec). A dilution series of recombinant murine IgG was used as a standard to quantify specific antibodies. Tetramethylbenzidine with H 2 SO 4 as stop solution was used to detect the response and optical densities read at 450 nm.
Serum cytokine biomarker quantification
Bio-Plex Pro TM Mouse Cytokine 25-plex kits (Bio-Rad, Watford, UK) were used according to the manufacturer's recommendations with modifications as described below. Briefly, pre-mixed capture antibody conjugated magnetic beads were placed into each well of two flat-bottomed 96-well plates and 50 ll of standard or one in four diluted serum sample was added. Plates were incubated for 30 min, with shaking, then beads were washed. Magnetic beads were incubated with a cocktail of detection antibodies, incubated for 30 min then washed. Streptavidin-phycoerythrin was added to the beads, which were then incubated for 10 min, washed and read on a BioPlex â 100 Luminex machine (Bio-Rad).
A custom-made 5-plex mouse cytokine panel was also used as described previously. 12 Briefly, pre-mixed capture antibody conjugated magnetic beads were placed into each well of two flat-bottomed 96-well plates and 25 ll of standard or one in five diluted serum sample was added. The plates were incubated for 2 hr. Beads were washed twice then incubated with 50 ll biotinylated detection antibody cocktail for 2 hr. After two washes, beads were incubated with 50 ll streptavidin-phycoerythrin (5 lg/ml) for 30 min, washed and read on a Bio-Plex â 100 Luminex machine. All Luminex data are available in the Supplementary material (Table S1 ).
Principal component analysis
Area under the curve values for each cytokine within each age/vaccine group were calculated across the time course using PRISM 7 (GraphPad Software Inc., La Jolla, CA). Principal component analysis (PCA) using standardized area under the curve values (variables were scaled to have unit variance) was performed using the 'STATS' package in R V 3.3.1. 13 PCA was visualized using the R packages 'GGFORTIFY' 14 and 'SCATTERPLOT3D'. 15 
Statistical analysis
Calculations as described in the figure legends were performed using PRISM 7 (GraphPad Software Inc.). Heat maps were generated using Matrix2png (http://www.chibi. ubc.ca/matrix2png/). 16 Correlations were calculated using Pearson coefficients in PRISM 7. Multivariate analysis of variance was performed in R V 3.3.1.
Results
Immunization induces an inflammatory response that is dependent on age and adjuvant
We were interested in the systemic inflammatory response to adjuvanted and non-adjuvanted vaccines, to define the profile of a safe response and whether this changes with age. Neonatal, young adult and aged mice were immunized with a single dose of the 2012/13 season inactivated influenza vaccine with or without MF59 as an adjuvant, 4Á5 lg influenza antigens -1Á5 lg each of H1N1, influenza B, H3N2 (equivalent to 1/10th the human dose).
Blood was taken at multiple time-points after immunization and serum cytokine levels were measured. The age of the mice affected the response to immunization (Fig. 1 , Table 1 ): neonatal mice had significantly elevated levels of interleukin-1a (IL-1a), C-reactive protein (CRP) and granulocyte-macrophage colony-stimulating factor (GM-CSF), young adult mice had significantly elevated levels of tumour necrosis factor-a (TNF-a), and elderly mice had significantly elevated levels of IL-10, RANTES, interleukin-1 receptor A (IL-1RA), IL-2RA and interferon-c-induced protein 10 (IP10); notably IL-1RA, IL-2RA and IP10 were all elevated before immunization in elderly mice.
The addition of the adjuvant MF59 induced a specific signature that was present to some degree in all ages of mice ( Fig. 2a) with increases in IL-5 (significantly greater than non-adjuvanted animals in young adults), granulocyte colony-stimulating factor (G-CSF) (significantly greater in all ages of mice), Keratinocyte chemottractant (KC) (significantly greater in young adults and neonates), monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory protein 2 (MIP-2) (both significant in neonatal and young adult) when compared with serum levels of age-matched mice without adjuvant. Although the 'MF59 signature' was present in all age groups, further analysis of the data revealed differences in magnitude of the signature across the ages. Neonatal mice showed the greatest increase in G-CSF and MCP-1, while showing similar levels of KC to the young adults. Young adults showed the greatest increase in IL-5. Aged mice had considerably lower levels of all the cytokines, while maintaining the 'MF59 signature', with a notable difference in that the increase in MCP-1 seen in the neonates and young adults was absent.
To determine whether age or adjuvant was the major contributing factor to variability between groups we used PCA. Reducing the data to two components (Fig. 2b) , young adult or neonatal mice grouped closely and the aged mice were significantly different. The addition of MF59 adjuvant led to a greater separation of responses in the elderly mice than in other ages. Applying a third dimension to the analysis separates the responses of young adult from the neonatal mice. Age was the only variable that significantly correlated (P ≥ 0Á05) with variance, contributing to 81Á9% of the total variance in the first dimension whereas adjuvant only contributed to 0Á07%. Further statistical analysis using multivariate analysis of variance revealed that the overall inflammatory response significantly differed between the age groups (P ≥ 0Á001). From this we conclude that age has a greater impact on the initial response than adjuvant.
To determine whether the differences seen only occurred during primary exposure to antigen, we compared the effect of age on the inflammatory response to booster immunization (see Supplementary material, Fig. S1 ). The mice received a second influenza vaccine dose 4 weeks after the first dose; the neonatal mice were (Fig. 3a) , there was less difference in MCP-1. Significant differences in magnitude across the ages were still observed (P ≤ 0Á05, Fig. 3b ), but were smaller, age contributed 36Á6% of the total variance compared with 81Á9% in primary immunization. Aged mice showed the lowest concentrations of IL-5, G-CSF and KC, and young adult mice showing either greater (IL-5, KC) or equivalent (G-CSF) concentrations compared with the neonates (Fig. 3c ). There was a late peak in CCL5, IL-6, IL-1b, IL-17 and MIP-1b in the adult group receiving adjuvanted vaccine (see Supplementary material, Fig. S1 ). Therefore age is still a contributory factor to responses to the second exposure to antigen.
Impact of age on protective efficacy of influenza vaccination
There were clear differences in the inflammatory responses to vaccination in the different aged animals and we wished to see if that translated into differences in antibody response. Levels of serum anti-H1N1 IgG were measured throughout the vaccination regimen and after challenge. Anti-H1N1 IgG was detected in the serum of neonates receiving MF59 adjuvanted vaccine from day 6 after immunization and in all neonates by day 28, just before the booster dose (Fig. 4a ). There was a slight increase in the group receiving MF59. In the young adults, anti-H1N1 IgG could be detected in the serum from 6 days after the first vaccination. After the second dose of vaccine, anti-H1N1 IgG levels continued to rise and levels were significantly greater in MF59-adjuvanted young adult animals. In the aged mice, anti-H1N1 IgG could be detected in the MF59-adjuvanted group 6 days after the first vaccination, but the levels notably increased after the second dose of vaccine. Modest anti-H1N1 IgG levels were detected in the antigen alone group on day 6 but were much lower throughout the time-course of the experiment (Fig. 4c) . Comparing the age groups, the young adults receiving adjuvanted vaccine had the greatest antibody response compared with the other aged (Fig. 4d) . The incorporation of adjuvant also increased the anti-H3N2 (Fig. 4e) and anti-influenza B responses (Fig. 4f) .
Since the inclusion of adjuvant increased the antibody response, we wished to determine whether the profile of inflammatory response associated with MF59 correlated with increased antibody. The total IL-5 response after either primary immunization (Fig. 4g ) or secondary immunization (R 2 = 0. 0Á2459, P = 0Á0053, data not shown) correlated with the peak H1N1 IgG response. MCP-1 responses to primary immunization (Fig. 4h) but not secondary immunization correlated with antibody response. There was no correlation with MIP-2 and antibody responses. KC (Fig. 4i) and G-CSF (Fig. 4j) correlated with antibody responses after secondary immunization. This suggests that the cytokines induced by MF59, IL-5, KC, G-CSF and MCP-1, are important for better antibody responses On day 56 after the initial vaccine dose, immunized mice were challenged with 5 9 10 5 plaque-forming units of H1N1 influenza A/Eng/195/2009 virus and monitored over 6 days, after which they were killed. Responses were compared with age-matched naive animals; because the mice first immunized as neonates were adults at the time of challenge, responses in this group were compared with naive young adult mice. Unimmunized mice started losing weight on day 1 after infection peaking at 20% weight loss on day 6 after infection (Fig. 5a) . In mice immunized with adjuvanted vaccine as neonates or as young adults no significant weight loss was observed. Mice first immunized as neonates without adjuvant lost more weight than MF59 adjuvanted mice at days 3 and 4 (P < 0Á001) but these differences resolved by day 5. There was no difference in weight loss between adjuvanted and non-adjuvanted young adult mice, both groups displayed no signs of disease (Fig. 5b) . However, immunization of aged mice did not achieve the same level of protection as seen in neonatal and young adult mice. The vaccine was only partially protective, animals immunized without adjuvant lost 10% body weight by day 6 after infection and did not recover, necessitating humane killing on day 14 after infection. Aged mice immunized with MF59 lost significantly less weight than mice that received antigen alone or naive mice, but still lost weight after infection (Fig. 5c) . Lung viral load was examined by quantitative PCR analysis of a single lung lobe. Mice receiving their priming immunization as neonates cleared virus 144 hr after infection (Fig. 5d) , there was no significant difference between the neonatally immunized mice receiving adjuvant or non-adjuvanted vaccine in the virus load recovered. Mice immunized as young adult mice cleared virus more quickly than mice immunized as neonates (Fig. 5e) , and young adult mice immunized with MF59-adjuvanted vaccine had almost no detectable virus load. However, mice immunized as aged adults, with or without adjuvant, had not cleared the virus by 144 hr after infection (Fig. 5f ). Therefore vaccination of aged mice was less protective than for other ages, reflecting the differences seen in the inflammatory response.
Local polarization of cytokine responses to the lung in influenza infection
One of the primary goals of the study was to define a systemic signature of safety after vaccination; the vaccines used in the study are known to be safe and therefore we wanted an 'unsafe' event with which to compare them. Influenza infection in mice causes severe disease resulting in pronounced lung inflammation, weight loss and death, so this seemed a good upper comparison to influenza vaccination. Naive mice were infected intranasally with influenza and cytokine levels in the serum and lungs were measured by Luminex (Fig. 6) . One of the striking features was the absence of detectable cytokines in the sera after lung infection; the only cytokine elevated above baseline was TNF. However there were significant, age-specific changes in many of the cytokines detected in the lung. Influenza-infected neonatal mice had levels of IL-12p40, MCP-1, MIP-1a, MIP-1b, TNF, eotaxin and vascular endothelial growth factor that rose above base line after infection; nearly all the cytokines measured were elevated in the lungs of young adult mice except IL-5 and IFN-c and the aged . The kinetics of cytokine release was also different among the differently aged animals, with young adults mostly peaking around 48 hr, whereas the aged animals peaked at 144 hr after infection. To see whether differences in disease profile were driven by changes in virus infectivity the viral kinetics was compared in naive neonatal (7-day-old), young adult and aged mice. In neonatal and young adult mice virus load was in decline by 144 hr after infection, but not in the aged mice, where it appeared to be increasing. We were also interested to see if immunization changed the cytokine profile after infection. We focused on young adult mice and compared the cytokine profile in lungs and sera of immunized and challenged mice to that of unimmunized and challenged mice. Responses were compared with responses in the lungs and sera of naive agematched animals (using the same data set presented in Fig. 6 ). Strikingly, there were significantly elevated levels of IL-5 in both the lungs and sera of mice immunized with MF59-adjuvanted vaccine compared with naive animals and mice immunized without adjuvant (Fig. 7) . The other cytokines (G-CSF, KC, MCP-1, MIP-2) seen in the sera of MF59-immunized mice during immunization were not elevated in sera or lungs after infection in immunized animals; though they were significantly greater in the lungs of naive mice compared with immunized mice (P < 0Á05).
Discussion
The aim of this study was to investigate how age affects inflammatory responses to vaccination. There were clear, age-specific changes, with neonatal and young adult mice responding more strongly to vaccination than aged mice, though there were some cytokines that were constitutively high in aged animals. Age, particularly old age, had an impact on the degree of vaccine-induced protection against influenza infection. The age of the animal also affected the cytokine response in the lungs during infection with a striking difference between immunization and infection: lung infection led to high local levels of cytokines but very little systemic cytokine response. This is the first study to perform a complete profile of the inflammatory response to vaccination in three different ages of animals. The cytokine response in the sera was defined by the age of the animals. Infancy has been described as a period of relative immunodeficiency, 17 but it is probably more accurate to describe it as period of differential immunity, which has an important impact on vaccine responses. 18 Our data support the idea that the neonatal response is different not deficient, with higher IL-1a, CRP, GM-CSF, G-CSF and MCP-1 than other ages of mice. We 19 and others 20, 21 have previously investigated adjuvants specifically for use in early life and have shown that MF59 is protective even after a single dose. 22 At the other end of life, aged mice had more IL-10, RANTES, IL-1RA, IL-2RA and IP-10, though many of these seemed to be elevated before immunization. The phenotype of sustained elevation of cytokines has been observed in elderly humans and has been termed 'inflamm-aging'. 23 Elevated systemic cytokines in the elderly may contribute to elevated susceptibility to bacterial infection by dampening monocyte function, 24 but their effect on vaccine responses has not been explored. One possibility is that a suboptimal cytokine response is induced in elderly animals leading to poor immune responses and lack of protection. A previous study compared the response of stimulated splenocyte supernatants in aged and young mice to influenza vaccine, with and without AS03 adjuvant and the responses were greater in the young adult mice, 25 likewise vaccination in elderly patients induced lower cytokine expression in peripheral blood mononuclear cells 26, 27 and in another study MF59 increased responses, and cytokine production in the serum of aged mice was lower than young adults. 27 As seen previously, there were differences in the inflammatory response to infection in the aged mice. 28 There was also a striking difference in the virus load between the different ages of mice, in neonatal mice, virus load reached adult levels after 48 hr despite infection with a lower dose and elderly mice had higher and sustained levels of virus. It may be that the increased virus load overwhelmed the immune response in aged mice. Notably, the cytokine signature in the lungs of aged animals spiked at 144 hr after infection for several cytokines, suggesting a delayed influx of cells.
Age also affected the degree of immune protection provided by vaccination; in particular the aged animals were not completely protected, even when adjuvanted vaccine was used. Another study using CpG as an experimental adjuvant has also shown reduced effect of the adjuvant in aged mice. 29 Based on our previous studies, we know that antibody is a critical correlate of protection in mouse models of influenza. 19 But we have recently confirmed the role of CD8 T cells in the resolution of influenza infection, 10 and there are known age-dependent effects on T cells, 31 so targeting T cells may be more effective in the elderly; for example a peptide vaccine coupled to flagellin that induced T cells was protective 30 in aged mice. The efficacy data in this study contrast with efficacy data in the aged human population, where vaccination is effective and MF59 can boost immunogenicity. [32] [33] [34] [35] One limitation in comparing our animal studies to the situation in elderly patients is that the mice received their first exposure to influenza antigens as aged animals, whereas elderly patients will have had repeat exposures to influenza viruses and vaccines. A previous study has demonstrated that with regards to the antibody response, age decreases antibody response, but the history of vaccine exposure is a greater factor in the response than age, with pre-vaccination titre being the best predictor of vaccine response. 36 Going forward, there is a complex balance of antigen experience, immunosenescence and inflammaging that all need to be considered in the development and implementation of influenza vaccine strategies for the elderly. 37 The adjuvant MF59 is effective in infancy 22, 38 and also the elderly. 39 The addition of MF59 caused the immune responses of animals at extremes of ages to resemble those of young adults (presumed to be the optimum responders), inducing a very specific cytokine signature of IL-5, G-CSF, KC and MCP-1 in all ages of animals. It was interesting that the IL-5 response was still detectable after infection, suggesting the induction of IL-5-producing T cells. The MF59-dependent signal identified is consistent with previously published data, which show increases in IL-5, KC and G-CSF. 40 The cytokines induced by MF59 are important in its mechanism of action and in the current study, cytokine levels correlated with antibody. In previous studies these cytokines led to a rapid recruitment of neutrophils and monocytes that transport antigen to lymph nodes 41 and promote the retention of antigen in lymph nodes once there. 42 We have previously observed an increase in T follicular helper cells in neonates following vaccination with MF59. 22 Why MF59 induces this specific pattern of cytokines is not entirely understood, separating the adjuvant into individual components dramatically reduced the cytokine induction profile and the efficacy 43 and previous studies have shown clear differences between different adjuvant formulations in the cytokine responses that they induce. 44 One of the striking features of the study was the difference in cytokine response between infection and immunization. The expectation was that influenza infection, because it causes severe disease in mice, would induce systemic cytokine responses. However, there were very low levels of detectable cytokines in the sera of infected animals. Instead there were high levels in the lungs. This may reflect the direction of cellular influx into the lungs with chemokines acting to recruit cells and cytokines activating the cells once they reach the tissue. The compartmentalization of the response is remarkable, and it suggests that disease after influenza infection is not caused by systemic inflammation, but local inflammation affecting lung function. This may have an important implication for cell-induced protection after vaccination, if we are trying to induce local cell responses, vaccines delivered to the lungs may be more appropriate.
This study was part of the BioVacSafe (Biomarkers for enhanced vaccines immunoSafety) 45 consortium. This project aims to identify biomarkers of vaccine safety that will speed up, improve and reduce the cost of vaccine development and the testing and monitoring of vaccine safety before and after market release. A limitation of our study in the context of developing biomarkers to unsafe vaccines, was that we used safe vaccines and therefore the systemic responses to these vaccines may not be indicative of an unsafe vaccine. The comparison to infection was performed to define an upper limit of inflammation, but as we observed, the inflammatory response to lung infection was polarized into the lungs. Therefore ongoing studies will deliver more inflammatory agents systemically to obtain further insight into biomarkers of safety. One observation of interest is that there is a systemic inflammatory response even to 'safe' vaccination, which can vary with age and further research is therefore required to define the threshold of this systemic response between safe and unsafe vaccines.
The aim of the current study was to investigate how the interplay of age and adjuvant on the inflammatory response to vaccination, to improve vaccines at the extremes of life. We observed significant differences between animals of different ages. This improved understanding about the effect of these factors on responses to vaccines will enable smarter tailoring of vaccines for specific age groups, possibly through the use of tailored adjuvants.
